2020). A quantitative ex vivo study of the interactions between reconstituted high-density lipoproteins and human leukocytes. RSC Advances, 10(7), 3884-3894. https://doi.Knowledge of the interactions between nanoparticles and immune cells is required for optimal design of nanoparticle-based drug delivery systems, either when aiming to avoid phagocytic clearance of the nanoparticles or promote an immune response by delivering therapeutic agents to specific immune cells. Several studies have suggested that reconstituted high-density lipoproteins (rHDL) are attractive drug delivery vehicles. However, detailed studies of rHDL interactions with circulating leukocytes are limited. Here, we evaluated the association of discoidal rHDL with leukocytes in human whole blood (HWB) using quantitative approaches. We found that while the rHDL of various lipid compositions associated preferentially with monocytes, the degree of association depended on the lipid composition.
Introduction
It is widely acknowledged that the inuence of the immune system must be considered when designing novel nanoparticlebased drug delivery systems, either to avoid clearance of the carriers or to target specic immune cells for immunotherapy. [1] [2] [3] Several drug delivery systems aim to target tumors by the enhanced permeability and retention (EPR) effect, where limited interactions between the nanoparticles and the leukocytes are desired, e.g. by graing polyethylene glycol onto the surface of liposomes. 4 Contrarily, instead of avoiding interactions with the immune system, several immunotherapeutic strategies involve targeting specic immune cells. 1, 5 These strategies include, amongst many others, the delivery of cancer antigens and adjuvants to dendritic cells (DCs) for treatment of cancer 6 and the depletion of macrophages at atherosclerotic plaque sites for treating atherosclerosis. 7 Many of the immunotherapeutic strategies aim to target DCs, 6,8 macrophages 7,9 or T-cells, 10 however, another less explored method is to target circulatory monocytes. 11 As monocytes can differentiate into both macrophages and DCs, 12 delivering therapeutic agents directly to monocytes can potentially facilitate the initiation or inhibition of an immune response before the monocyte differentiate. Delivering therapeutics to monocytes has been used both as an approach for anticancer immunotherapy relying on activation of the monocytes 11 as well as an approach for treatment of atherosclerosis relying on silencing the receptors responsible for recruitment of the monocytes to the atherosclerotic plaque. 13 Furthermore, depletion of monocytes has also been shown to be advantageous for inammatory diseases. [14] [15] [16] However, when developing therapies based on systemic targeting of monocytes, one has to be aware of the potential side-effects of affecting an entire leukocyte population. For example, depleting the monocytes or limiting their recruitment to inammatory sites would obviously disrupt the normal function of the monocytes, which is essential for protection against infections. 12, 17 Hence, while the association of drug-carrying nanoparticles with monocytes both can cause positive and negative therapeutic effects, in either case, the characterization of the potential association is essential.
The uptake of particles in phagocytic cells, including monocytes, has been found to be highly dependent on charge with the preferential uptake of highly anionic particles. 18, 19 Therefore, modication of the particle surface charge has been used in several studies to achieve monocyte specicity. Johansen et al. 11 used a liposome formulation with an incorporated toll-like receptor (TLR) agonist. They were able to obtain specic monocyte association by modifying the charge on the lipid bilayer. While they found no monocyte specicity for neutral or slightly anionic charged liposomes, they found that liposomes containing 10% cationic lipids had high monocyte specicity, thus allowing for specic drug delivery to the monocytes.
As charged liposomes have intrinsic monocyte specicity, 11, 16 this specicity may also apply to other lipid-based particles. Furthermore, even though Johansen et al. 11 showed no cytotoxicity of their cationic liposomes, it is well-established that cationic lipids can explicit toxicity, 20 hence, testing other types of particles for monocyte-targeting applications is indeed relevant. Reconstituted high-density lipoproteins (rHDL) are another class of lipid-based nanoparticles, which have recently been shown to be promising drug delivery vehicles, both for applications that aim to target specic immune cells and for applications that aim to avoid recognition by the immune system. [21] [22] [23] The rHDL mimic the endogenous HDL, which are involved in the transport and metabolism of lipids in circulation. 24, 25 The HDL are also known to have anti-inammatory properties, e.g. by binding proteins and lipids with immunomodulatory activities, such as lipopolysaccharides (LPS), and by modulating receptor expression and differentiation of several types of leukocytes. 26 The HDL and rHDL can have both discoidal and spherical morphology, but the vast majority of studies applying rHDL for drug delivery focus on the discoidal rHDL ( Fig. 1 ) consisting of a lipid bilayer stabilized at the edges by apolipoproteins, e.g. apolipoprotein A-I (apoA-I), or peptides. 24 The discoidal rHDL (with apoA-I) will also be the focus of this study (hereaer referred to merely as rHDL). The rHDL can utilize several of the properties of HDL, including high biocompatibility and biodegradability as well as possible recognition by endogenous receptors that facilitate uptake of rHDL cargo into the cells. 24, 25 One of the most relevant HDL receptors is the scavenger receptor class B type 1 (SR-BI), which mediates cholesterol ux between HDL and cells. 27 As the SR-BI is expressed on monocytes (though weakly), 28, 29 it can potentially facilitate interactions between the rHDL and the monocytes. While the presence of apoA-I is essential for the binding of HDL/rHDL to SR-BI, 27, 30 it has also been found that this scavenger receptor can recognize anionic phospholipids, 31 thus, the rHDL interaction with SR-BI is potentially affected by the rHDL composition.
Although, it has been shown that rHDL with different sizes and morphologies can associate with monocytes, DCs and neutrophils, 32 a thorough study is needed to establish the effect of rHDL lipid composition, including charge, where the rHDL association with monocytes is compared more quantitatively to the other major leukocyte populations in blood (granulocytes and lymphocytes)also taken the different number of each cell into account. Furthermore, a detailed study of the association and potential uptake of rHDL cargo into the cells is also needed to fully understand the rHDL association with leukocytes.
We used a simple approach to quantify the amount of rHDL associated with the blood cells, showing that only a minor amount of the rHDL associated with the blood cells aer four hours of incubation ($15%), which is consistent with the relatively long circulation half-life of rHDL. Using ow cytometry, we show that the rHDL that do associate with the leukocytes preferentially associate with monocytes over granulocytes and lymphocytes. Interestingly, the preferred monocyte association seems to be largely independent of the lipid composition and charge of the rHDL in contrast to liposomes. However, we did nd that the degree of association was affected by the rHDL compositional design, thus allowing for possible maximization or minimization of rHDL association with monocytes. We show that SR-BI is expressed more on monocytes than the other major leukocyte populations, thus, it is likely involved in the observed preferential monocyte association of rHDL. Although the rHDL associated preferentially with monocytes, we used a novel quantitative approach to show that the leukocyte-associated rHDL are distributed approximately equally between granulocytes and monocytes, which can be explained by the relative higher abundance of granulocytes that associate with a minor amount of rHDL. Furthermore, we used three-dimensional uorescence microscopy and imaging ow cytometry to determine the internalization of rHDL cargo into the cells, and we observed increased internalization in monocytes compared to granulocytes. Overall, we used quantitative methods to reveal essential aspects of rHDL interactions with leukocytes which are important for any kind of rHDL based drug delivery applications.
Experimental

Materials
The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1- Fig. 1 Illustration of the discoidal rHDL particle. It is $10 nm in diameter and consists of a lipid bilayer (blue) containing lipid-conjugated fluorophores (red), which is stabilized at the edges by two apoA-I apolipoproteins (green).
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and 1,2dipalmitoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol) (DPPG) were all supplied from Avanti Polar Lipids (USA). The uorophores 3,3 0 -dioctadecyloxacarbocyanine (DiO) and 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindotricarbocyanine iodide (DiR) as well as RIPA Lysis and Extraction buffer and Hoechst were obtained from ThermoFisher Scientic (USA). BD Pharm Lyse™ lysing solution, anti-CD14 antibody (APC Mouse Anti-Human CD14, IgG2a, k, Clone M5E2) and CD14 isotype control (APC Mouse IgG2a, k Isotype Control, Clone G155-178) were supplied by BD Biosciences (USA). Anti-CD14 antibody (APC Mouse Anti-Human CD14, IgG1, k, Clone 61D3) used for imaging ow cytometry was supplied by ThermoFisher Scientic (USA). The anti-SR-BI antibody (PE Mouse Anti-Human CD36L1 (SCARB1, SR-BI), Clone m1B9) and isotype control (PE Mouse IgG1, k) used for SR-BI staining was supplied by Biolegend (USA).
RPMI, tert-butanol, Phosphate Buffered Saline (PBS), Fetal Bovine Serum (FBS) and human IgG were all supplied from Sigma Aldrich (Denmark). The human whole blood (HWB) was obtained from healthy volunteers (according to DTU guidelines that includes protection of the donor and the researchers) and collected in Hirudin blood tubes from Roche Diagnostics (Austria).
Preparation of rHDL
The rHDL were prepared using the detergent depletion method using apoA-I puried from human plasma (purity > 99%). The purication of apoA-I from human plasma was conducted similarly to what has been described elsewhere. 33 The rHDL were prepared by rst freeze-drying a solution of the phospholipids and the uorophore (1 mol%) dissolved in a tert-butanol:MilliQ 9:1 solution. Subsequently, the lipids were rehydrated in a PBS solution containing apoA-I and 20 mM sodium cholate yielding a lipid concentration of 5 mM, and a lipid:protein molar ratio of $100:1 when using DPPC, DPPG and DMPC and 90:1 when using POPC. Bio-Beads™ SM-2 from Bio-Rad (Denmark) were mixed with the solution using 0.6 mg Bio-Beads per mL of solution in order to deplete the detergent and induce self-assembly of rHDL. The samples were incubated with the Bio-Beads overnight at 41 C for DPPC and DPPG rHDL, 24 C for DMPC rHDL and 4 C for POPC rHDL, before separating the Bio-Beads from the solution. The rHDL were characterized with size-exclusion chromatography (SEC) using a Superdex 200 Increase 10/300 GL (GE Healthcare) column on a HPLC system from Shimadzu (a LC-20AD pump, a DGU-20A SR degassing unit, a SIL-20AC HT autosampler, a SPD-M20A Photodiode Array (PDA) Detector and a FRC-10A fraction collector). Furthermore, the rHDL size was conrmed with dynamic light scattering (DLS) using a ZetaSizer Nano ZS from Malvern Instruments.
Studying the degree of rHDL association with leukocytes
In order to quantify the degree of rHDL association with cells in HWB, DPPC rHDL, containing 1 mol% of the uorophore DiR, were initially incubated in HWB (0.1 mM rHDL lipid in 400 mL HWB), aer which the plasma and cells were separated by centrifugation (2000g for 15 min). Some of the supernatant (100 mL) was removed, diluted 1:9 in RIPA buffer and incubated overnight at 37 C, before measuring uorescence from DiR using a TECAN Spark microplate reader (TECAN) with excitation wavelength of 710(5) nm and emission wavelength of 800(10) nm. The degree of association with the blood cells was determined by the decrease in uorescence signal relative to a control rHDL sample (diluted 1:9 in RIPA) containing the same amount rHDL as applied to the HWB (using the assumption that the HWB consists of 50 vol% plasma and 50 vol% cells).
Studying rHDL association with leukocytes
The rHDL solution was diluted 1:1 in RPMI yielding a 2.5 mM lipid concentration. This solution was further diluted 1:4 in HWB and subsequently incubated for 1 hour at 37 C. Aer washing the cells twice with PBS + 1% FBS, the erythrocytes were lysed with BD Pharm Lyse™ lysing solution using 5 mL of the 10Â diluted lysing solution for 200 mL HWB. The samples were initially incubated for 15 minutes, aer which the lysis buffer was replaced with fresh lysis buffer, and incubated for an additional 5 minutes. Subsequently, the cells were washed twice and IgG solution (2 mg IgG per million cells) was added to block unspecic binding of antibodies. CD14 antibodies (10 mL) were added to each sample and the cells were washed aer 30 minutes of incubation on ice. The cells were re-suspended in PBS and analyzed by the Accuri C6 ow cytometer counting 100 000 cells for each sample. Granulocytes and lymphocytes were identied based on a forward scatter versus side scatter plot, whereas monocytes were identied based on both the forward scatter versus side scatter plot and the CD14 staining (the gating strategy is illustrated in ESI Fig. S1 †) . The rHDL cargo (DiO) was detected by its uorescence using an excitation wavelength of 488 nm and collecting emitted light between 518 nm and 548 nm. As the amount of DiO in the rHDL varied slightly, the measured geometric mean uorescence intensity (MFI) was adjusted with the integral of DiO absorbance (at 484 nm) from the SEC analysis of each rHDL formulation such that the adjusted MFI value from the different rHDL formulations is comparable.
To estimate the distribution of rHDL between the leukocytes, i.e. the likelihood of the rHDL to associate to a given type of leukocyte, the following equation was used. It is here exempli-ed with the distribution of rHDL in monocytes (D m )a number between 0 and 1, but calculated similarly for each leukocyte subset:
where N is the number of cells, and M is the MFI, while the subscripts m, g, l represent monocytes, granulocytes and lymphocytes, respectively. The subscript c refers to the untreated control sample from each donor.
Studying the internalization of rHDL cargo
To study the internalization of rHDL cargo into monocytes qualitatively, we used three-dimensional uorescence microscopy. The cells were prepared as for conventional ow cytometry, and stained with CD14 and Hoechst (10 mg mL À1 ) for 30 minutes on ice, before being transferred to a m-Slide 8 Well (ibidi GmbH, Germany) and imaged herein using an inverted Nikon Ti2 Spinning Disc confocal microscope. Image processing and 3Dvisualization was done using Fiji, a distribution of ImageJ (ver. 1.52p), and Nicon NIS-Element AR (ver. 5.11.00) analysis soware.
To further investigate the possible internalization of the rHDL cargo in monocytes and granulocytes more quantitatively and in a high-throughput manner, imaging ow cytometry were conducted using an Amnis Imagestream MK II Imaging Flow Cytometer (Luminex Corporation, USA). For each sample 1000 CD14+ cells were counted and analyzed in the following channels: Ch01 (brighteld), Ch02 (DiO, 480-560 nm) of the 488 nm laser (20 mW), Ch06 (darkeld) of the 785 nm laser (0.5 mW), and Ch11 (anti-CD14 antibody, APC, 640-745 nm) of the 642 nm laser (150 mW). The results were analyzed in IDEAS application v6.2. Both granulocytes and monocytes were identied based on CD14 intensity and intensity in Ch6 (side-scatter/darkeld); (the complete gating strategy is illustrated in ESI Fig. S2 †) . We used the brighteld images to dene the interior of the cell with an eroded object mask, and this mask was used to determine percentage of cells with a high degree of internalized rHDL cargo (DiO) by using the soware's internalization feature: Internal-ization_AdaptiveErode(Object(M01, Ch01 BF, Tight) Ch01 BF, 85) _Ch02 DiO. The internalization feature considers the ratio between the uorescence intensity within the mask to the intensity from the entire cell. The ratio is adjusted to a log scale (with values between {ÀInf, Inf}) such that a value of 0 indicate a mix of internalized particles (uorophores) and particles (uorophores) on the surface, and values above 1 indicate that the uorescence primarily is inside the cell. The gate to dene internalized DiO positive cells was dened manually.
SR-BI staining of leukocytes
The leukocytes were obtained from HWB following the same procedure as when studying the association of rHDL with the leukocytes. The SR-BI was stained using a PE-conjugated anti-SR-BI antibody and compared to an isotype control. The anti-SR-BI antibody or isotype control was added (10 mL) to the isolated leukocytes together with the anti-CD14 antibody and incubated for 30 minutes on ice before analysis on Accuri C6 ow cytometer. The granulocytes, lymphocytes and monocytes were identied similarly to when studying the association of rHDL with leukocytes (ESI Fig. S1 †) .
Results and discussion
Preparation and characterization of the rHDL The rHDL were prepared using the traditional detergent depletion method, 34 where rHDL self-assembly was induced by depletion of the detergent (cholate) used to dissolve the phospholipids in an aqueous solution containing apoA-I. The detergent was depleted using Bio-Beads™ SM-2. The rHDL samples were characterized with SEC using a Superdex 200 GL 10/300 increase column. The peak around 11-12 mL is characteristic for $10 nm sized rHDL when analyzed on this column 33, 35, 36 (Fig. 2A) . The size of the rHDL was also measured by DLS, which conrmed the average size of $10 nm (Fig. 2B ). We have previously characterized similar rHDL in more details. 33 Importantly, all the rHDL formulations used in the present study had similar size and monodispersity according to SEC data (ESI Fig. S3 †) , thus making it feasible to assess the effect of the lipid composition only.
Degree of rHDL association with leukocytes
It is well-established that rHDL, like the endogenous HDL, have a relatively long circulation half-life, 24 which indicates minimal association between rHDL and leukocytes, however, it is still possible that some of the rHDL do associate with the leukocytes in circulation. We set up a simple experiment to quantify the degree of leukocyte association, where we separated blood cells from plasma by centrifugation. The supernatant was dissolved in RIPA buffer and heated to 37 C overnight, thereby ensuring disintegration of all plasma aggregates and larger particles, e.g. lipoproteins, and thus keeping the environment around the uorophores identical. The near-infrared uorophore DiR was incorporated in the rHDL for these studies to avoid background from autouorescence. The degree of association with blood cells was determined by the decrease in uorescence signal relative to a rHDL sample in PBS containing the same amount rHDL as applied to the HWB.
It is evident that less than $15% of the rHDL are associated with the cells aer four hours of incubation ( Fig. 3) . Notably, these experiments do not distinguish between rHDL associated with leukocytes and erythrocytes, hence, the measured degree of association represent a maximum value for the degree of rHDL association with leukocytes. Though not conclusive due to the relatively large standard error at the measurement at 15 min, there appears to be an increase in the degree of association over the rst 60 min, aer which it reaches a plateau. We also conducted similar studies, where we used higher concentration of rHDL, and observed similar tendencies though reaching a plateau around $2% (ESI Fig. S4 †) , which does indicate saturation of the rHDL association with leukocytes. Consistent with these results, similar saturation of the uptake in leukocytes has previously reported for liposomes. 37 The used ex vivo system is obviously more constricted than in a in vivo setting, where the continuous generation of new monocytes might cause a steadily increase in the degree of leukocyte association, and the quantied $15% cell association might therefore not be directly comparable. Still, the relatively low degree of rHDL association with leukocytes is consistent with the long circulation half-life of rHDL. Nonetheless, it is relevant to study the association of rHDL with leukocytes in more details as the rHDL that do associate with the leukocytes could result in side-effects from drugs unintentionally delivered to leukocytes in circulation. Alternatively, the rHDL association with leukocytes could pave the way for novel immunotherapeutic strategies, where targeting specic leukocytes are essential, if the drug-loaded rHDL that do not associate with leukocytes are safely cleared.
rHDL association with leukocytes
The association of rHDL with leukocytes was studied by ow cytometry aer incubating rHDL with HWB for 1 hour. The erythrocytes were lysed, aer which the rHDL association with the different types of leukocytes could be determined by detection of the uorophore DiO that had been incorporated into the rHDL. The uorophore DiO was chosen as it has been shown to be stably incorporated into lipid bilayers, 38, 39 including rHDL. 33 We consequently only track the DiO, which represents the rHDL cargo, and even though we are aware that the rHDL can deliver its cargo to cells without uptake of the whole particles, 27 we denote the measured DiO signal as rHDL association with the leukocytes. The leukocytes were divided into three categories: lymphocytes (NK-cells, T-cells and B-cells), granulocytes (primarily neutrophils) and monocytes. Granulocytes and lymphocytes were identied based on their characteristic distribution in a forward scatter versus side scatter plot, 40 while the monocytes were identied by rst using the forward scatter versus side scatter plot and then the CD14 staining.
It has previous been observed that the lipid composition of liposomes signicantly inuences their leukocyte association. 11 Similar principles might apply for rHDL, hence, we studied the effect of the lipid composition on the association of rHDL with leukocytes by varying both the acyl chain (length and the degree of saturation) and the charge.
Incorporation of cationic lipids (10 mol%) into the rHDL induced instability hereof, since the structural integrity of these rHDL was not preserved aer incubation for 8 hours at 37 C, in contrast to rHDL solely consisting of neutral or 10 mol% anionic lipids (ESI Fig. S5 †) . We therefore only studied rHDL based on neutral or anionic lipids (99% of the lipids).
We initially studied how the type of acyl chain of the phospholipids in the rHDL affected the association with leukocytes using rHDL containing neutral lipids, i.e. DMPC (contains two saturated C14 acyl chains), DPPC (contains two saturated C16 acyl chains) and POPC (contains one saturated C16 acyl chain and one unsaturated C18 acyl chain). As these lipids have the same head group (PC), we expect them to be similarly charged, thus allowing us to study the effect of the acyl chain. All the used rHDL formulations clearly associate preferentially with monocytes over granulocytes and lymphocytes, as evident from the shied histograms representing uorescence intensity of DiO (Fig. 4A ) and the adjusted MFI (Fig. 4B) . A minor shi in the histograms and corresponding increase in MFI are seen for the granulocytes, thus indicating that some rHDL are associated with these cells. The MFI is even lower for the lymphocytes, hence, only a relatively low amount of rHDL apparently associate with the lymphocytes. Interestingly, isolated regulatory T cells (Tregs) have been reported to take up endogenous HDL to a much higher extent than other types of T cells. 41 Hence, it might be specic cell types such as Tregs that are responsible for the minor shi we do observe for the lymphocytes. However, overall it still seems to be a minor amount of the rHDL that are associated with the lymphocytes. Furthermore, although the observed preferential monocyte association seems independent of the acyl chain of the lipids in the rHDL, the MFI for the Fig. S3 †) . monocytes are approximately three-fold lower when using DMPC rHDL compared to when using DPPC and POPC rHDL (Fig. 4B) . We have recently shown that the dynamics of DMPC rHDL differs from DPPC and POPC rHDL, since they do not sizeremodel when exposed to serum, 33 and this phenomenon might explain the lower MFI of DMPC rHDL, i.e. the monocytes might preferentially associate with the size-remodeled rHDL. However, the DMPC rHDL still associate preferentially with monocytes over other leukocytes, thus, the lower MFI simply indicates that lower amount of DMPC rHDL are associated with leukocytes relative to the DPPC and POPC rHDL. The preferential monocyte association of rHDL with neutral lipids stands in stark contrast to the effect observed for liposomes, where a cationic charge is required to achieve similar effects. 11 Typically, only the MFI or percentage of positive cells are considered when studying particle uptake in leukocytes. 11, 42 However, considering the distribution of rHDL in the DiO positive cells, obtained by eqn (1) , which also takes the number of each cell type into account (Fig. 4C) , it is evident that due to the relative higher abundance of granulocytes, the leukocyteassociated rHDL are distributed approximately equally between granulocytes and monocytes. Hence, the preferential monocytes association merely means that it is more likely that the rHDL/rHDL cargo remain associated with the cell during an encounter with a monocyte than during an encounter with a granulocyte, though the likelihood that the rHDL cargo ends up in either a monocytes or granulocyte is approximately equal. That said, even though there is an equal chance of rHDLassociated drugs to get delivered to granulocytes compared to monocytes, the relative low drug concentration in each granulocyte may be below the minimum effective concentration, thus resulting in no effect on the granulocytes.
We also investigated the effect of increasing the anionic charge of the lipid bilayer of the rHDL using DPPC (zwitterionic) and DPPG (anionic) rHDL (Fig. 5 ). We did observe a preferential monocyte association for both DPPC and DPPG rHDL, as seen by the shied chromatograms ( Fig. 5A ) and adjusted MFI (Fig. 5B) , however, clearly the DPPG rHDL were associated to a much higher extent to the granulocytes and monocytes than the DPPC rHDL. Even though the rHDL with neutral lipid composition still have anionic charge due to the net charge on the apoA-I, 43 the higher MFI of rHDL with anionic lipid composition could be explained by the fact that phagocytic cells, including monocytes, preferably take up anionically charged particles rather than neutral particles. 18 Interestingly, though the DPPG rHDL result in relatively high MFI from the monocytes, the preferential monocyte association is not increased for DPPG rHDL relative to DPPC rHDL. This is evident from the average ratio between MFI for the monocyte and granulocytes, which is $13.6 for DPPC rHDL and $5.04 for DPPG rHDL, as well as the distribution of rHDL (Fig. 5C ), which shows lower percentage of the DPPG rHDL associated with monocyte relative to the DPPC rHDL. These results imply that rHDL with anionic lipid composition are taken up by leukocytes (both monocytes and granulocytes) to a higher extent than rHDL with neutral lipid composition, and therefore would be cleared more rapidly from circulation than rHDL with neutral lipid composition.
The nding that rHDL associate with monocytes might seem a bit puzzling from a biological perspective, since we would not expect that endogenous HDL are cleared by monocytes. Part of this explanation may lie in the different composition of rHDL compared to HDL, as we show that the lipid composition affects to what extent the rHDL associate with leukocytes. Furthermore, as we estimated the degree of rHDL association with leukocytes to be relatively low ( Fig. 3 ), we stress that much of the rHDL are likely not associated to any leukocytes.
It is well-established that the SR-BI can recognise rHDL and mediate uptake of rHDL cargo, 27 hence, different SR-BI expression between the different types of leukocytes could explain the preferential monocyte association. We studied the expression of SR-BI on the different types of leukocytes ( Fig. 6 ). We do indeed The expression of SR-BI on leukocytes estimated using a specific anti-SR-BI antibody and an isotype (iSR-BI) as control. An untreated sample was used to estimate the background from each leukocyte type, which was subtracted each measurement. Note that this resulted in a slight negative MFI for the lymphocytes. Only the monocytes seemingly express SR-BI as indicated by the significantly higher MFI of the anti-SR-BI antibody relative to the iSR-BI. The data represent mean + SEM (n ¼ 3). iSR-BI and SR-BI were compared with a two-way ANOVA, **, p < 0.0011. The brightfield images were used to define masks that defined the interior or the cells, as illustrated for a single monocyte in the inset, which also shows a mask of the cell surface. This allowed for the determination of the internalization of rHDL cargo, which showed more internalization positive monocytes than granulocytes. The data in B and C represent mean + SEM (n ¼ 2). obverse SR-BI expression of the monocytes, consistent with what is reported elsewhere, 28,29 however, we do also show that the SR-BI is expressed to higher extent on monocytes than the other leukocyte populations. Neither granulocytes nor lymphocytes seem to express detectable amount of SR-BI, hence, the rHDL association with granulocytes, as especially seen for DPPG rHDL, must be mediated by other mechanisms. Although, it has been reported that Tregs do express SR-BI, 41 we were not able to detect SR-BI on lymphocytes, possibly because they only account for a minor amount of the total lymphocytes. We stress that the increased SR-BI expression on monocytes might not be the only explanation for the preferential monocyte association, though it clearly seems likely that it has a signicant effect.
Most drugs loaded into the rHDL for drug delivery are likely only active when internalized into the cells, however, we cannot assess from the conventional ow cytometry results if the rHDL are internalized or only adhere to the cell surface. To characterize this essential aspect of the rHDL interaction with leukocytes, we rst imaged the internalization in monocytes using three-dimensional uorescence microscopy ( Fig. 7) . As the rHDL cargo (DiO) was detected underneath the surface (dened by the CD14 monocyte surface marker), it clearly indicated internalization of rHDL into the monocytes. This method is obviously qualitative and to investigate the internalization more quantitatively, we used imaging ow cytometry. The imaging ow cytometry can be utilized to localize and map the cellular distribution of uorescently labelled molecules, e.g. peptides, protein, nucleic acids or drugs, 44 and we here used it to characterize the internalization of rHDL in monocytes and granulocytes ( Fig. 8A ). We used side scatter (darkeld) and CD14 staining to identify the different type of cells (see gating strategy in ESI Fig. S2 †) . The imaging ow cytometry both conrmed the preferential monocyte association of DPPC and DPPG rHDL and the higher degree of association of DPPG rHDL relative to DPPC rHDL (Fig. 8B) , as observed when using conventional ow cytometry (Fig. 5B) .
Both monocytes and granulocytes seemingly internalize rHDL cargo (DiO) (Fig. 8A) , however, many of the DPPC rHDL associated with granulocytes also cover the surface in contrast to the DPPC rHDL associated with the monocytes. The DPPG rHDL associated with the granulocytes mainly seem to reside on the surface but appear as single clusters. To be able to determine the degree of rHDL cargo (DiO) internalization in both monocytes and granulocytes, we used the brighteld images to dene the interior of the cell and considered DiO measured herein as internalized (Fig. 8C, inset) . Obviously, we cannot distinguish between DiO signal at the inside the cell and the center surface, e.g. the single clusters appearing for DPPG rHDL (Fig. 8A ) seem mainly to be associated with the surface with one exception that likely are also at the surface but interpreted by the method to be internalized. Thus, the determined internalization ( Fig. 8C) can be regarded as a minimum estimate. The rHDL are apparently internalized more in monocytes (average internalization positive cells of $37% for DPPC rHDL and $36% for DPPG rHDL) than in granulocytes (average internalization positive cells of $8.3% for DPPC rHDL and $23% for DPPG rHDL), which is consistent with the observations from the images. This applies both for DPPC and DPPG rHDL, although a larger variation, and consequently a less pronounced difference, is observed for the DPPG rHDL. The higher internalization of rHDL cargo in monocytes relative to granulocytes is potentially caused by the increased SR-BI expression on monocytes (Fig. 6 ). However, we emphasize that more detailed studies are needed for unambiguous conclusions on the exact uptake mechanisms, though it clearly appears as there are some mechanistically differences between the rHDL association/ uptake in monocytes and granulocytes.
The observed relatively high internalization of rHDL cargo in monocytes conrms that drug-loaded rHDL can deliver its drugs into the monocytes, where they can exert their therapeutic function, thus potentially leading to off-target side-effect. On the other hand, this highlights that rHDL indeed can deliver drugs into the monocytes if used for immunotherapeutic strategies relying on monocyte targeting.
Conclusions
When designing novel nanoparticle-based drug delivery systems, it is essential to establish the interactions between the nanoparticles and the immune cells either to avoid or promote an immune response. Here, we have demonstrated that rHDL preferentially associate with monocytes over other leukocytes in HWB, resulting in rHDL cargo internalization into the monocytes. We found that the association of rHDL with leukocytes could be affected by the rHDL composition (acyl chain and charge of lipids), which can be used either to increase the leukocyte association or limit it. However, using a simple quantitative approach we also showed that it was only a relatively low amount of the DPPC rHDL that did associate with the blood cells aer four hours, consistent with the relatively long circulation half-life of rHDL.
Nevertheless, the association of rHDL with monocytes seems to be an inherent feature of apoA-I based rHDL, possibly mediated partly by the SR-BI on monocytes, and one has to be aware of this phenomenon, when designing rHDL for systemic drug delivery systems. It might lead to severe off-targets sideeffects, when using drugs that are not intended to be taken up by leukocytes, or, on the other hand, be utilized for novel immunotherapeutic strategies aiming to deliver therapeutics to the monocytes. Furthermore, the preferential monocyte association of rHDL likely also apply for other monocyte-derived cells in tissues which could be used for a variety of immunotherapeutic strategies.
Importantly, this work also presents non-traditional methods for quantifying and characterizing the interactions between nanoparticles and cells. Conventional ow cytometry has become a popular method for studying cellular uptake of drug delivery systems, however, this method is limited by its inability (i) to quantify the proportion of the total amount of rHDL associated to the cells and (ii) to verify whether the rHDL/ cargo is associated with the cell surface or internalized. Here we present approaches to provide these missing aspects. We quantied the amount of rHDL cargo/lipid-uorophore that were not associated with the cells from the uorescence of the supernatant aer centrifuging the cells down, and we used imaging ow cytometry to determine the degree of rHDL internalization. These quantitative methods could indeed also be applicable for studying interactions between other types of nanoparticles and cells.
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